Persistently activated Stat3 is found in many different cancers, including Ϸ60% of breast tumors. Here, we demonstrate that a constitutively activated Stat3 transforms immortalized human mammary epithelial cells and that this oncogenic event requires the activity of matrix metalloproteinase-9 (MMP-9). By immunohistochemical analysis, we observe a positive correlation between strong MMP-9 expression and tyrosine phosphorylated Stat3 in primary breast cancer specimens. These results demonstrate a relationship between activated Stat3 and MMP-9 in breast oncogenesis.
S
ignal transducer and activator of transcription (STAT) proteins are a family of transcription factors that are normally inactive within the cytoplasm of cells and become activated by tyrosine phosphorylation in response to cytokines and growth factors. Dimerization through reciprocal SH2-phospho-tyrosine interactions of tyrosine-phosphorylated STATs leads to their accumulation in the nucleus where they bind DNA and activate transcription. STAT dimers are dephosphorylated within the nucleus and transported back to the cytoplasm (1) . In normal cells, STAT activation is transient whereas, in a large number of primary tumors and cancer-derived cell lines, STAT proteins (in particular Stat3) remain activated by persistently activated tyrosine kinases and͞or a decrease in the negative regulators of STAT dephosphorylation (2) . Introduction of dominant negative Stat3 or Stat3 antisense oligonucelotides leads to induction of apoptosis, decreased angiogenesis, or growth arrest of cancerderived cell lines, including breast cancer cells (2, 3) . In addition, a constitutively active mutant form of Stat3, Stat3-C, which is dimerized by cysteine-cysteine residues instead of pY-SH2 interactions, can transform immortalized cultured rodent fibroblasts (4) . Stat3 is persistently tyrosine phosphorylated (by immunohistochemical and biochemical analyses) in 30-60% of primary breast cancer specimens (3, (5) (6) (7) , leading us to test whether Stat3-C could mediate transformation of immortalized human mammary epithelial cell lines (HMECs), possibly more relevant to human tumor biology.
We report here that Stat3-C can transform immortalized HMECs and have determined that matrix metalloproteinase-9 (MMP-9) activity is increased in the Stat3-C-containing cell lines and that this activity is required for Stat3-C-mediated anchorage-independent growth.
Experimental Procedures
Cells and Growth Conditions. MCF-10A cells were obtained from the American Type Culture Collection (ATCC). Immortalized HMECs (referred to as HMLHT) and HrasV12-transformed HMLHT cells were obtained from R. A. Weinberg (Massachusetts Institute of Technology, Boston) (8) . Stat3-C and v-srcexpressing cells were generated by retroviral infection as described (9) . Puromycin (2 g͞ml) was added for selection. Cell proliferation was determined after 7 days by using alamarBlue (BioSource International, Camarillo, CA).
Plasmids and Reagents. pBabe-Stat3-C was generated by inserting a BamHI site 3Ј of Stat3-C RcCMV (4) and subcloning the BamHI cDNA insert into pBabe-Puro (10). PBabe-vsrc was from H. Hanafusa (Osaka Bioscience Institute, Osaka, Japan). The MMP-9 promoter luciferase pGL2 construct was obtained from M. Seiki (Kanazawa University, Kanazawa, Japan) (11) . The MMP-2͞9 inhibitor II (Calbiochem) was resuspended in DMSO (50 M) and subsequently diluted in PBS for further use. Recombinant MMP-9 was obtained from R & D Systems.
Soft Agar Assays. Soft agar assays were performed as described (8) . HMLHT cells (2 ϫ 10 4 ) and MCF-10A cells (2 ϫ 10 5 ) were seeded per six-well in triplicate in 3 ml of top-agar. Colonies were stained with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (Sigma.) (13, 14) . EMSA was carried out as described by using a highaffinity m67 binding probe (4) . HMLHT cells (2 ϫ 10 4 ͞24-well dish) were transiently transfected with 0.4 g of MMP-9 Luciferase construct and 0.4 g of either pBabe or pBabe Stat3-C, by using Lipofectamine 2000 (GIBCO͞BRL). Luciferase activity (Promega) was measured 24 h later. MMP-9 activity ELISA (Amersham Pharmacia) was conducted according to the manufacturer's instructions. In situ zymography was performed as described (15) . HMLHT cells grown on multichamber slides were overlayed with DQ gelatin (100 g͞ml) for 2 h at 37°C, washed, stained with 4Ј,6-diamidino-2-phenylindole (DAPI), fixed, and analyzed by confocal laser microscopy. Immunocytochemistry was performed by fixing cells in 50:50 acetone:methanol and permeabilized with 0.1% Triton X-100. MMP-9 Ab-1 (Oncogene Research Products) was added overnight at 4°C (1:20) .
Immunohistochemistry. Multitissue blocks of formalin-fixed, paraffin-embedded breast cancer tissue (containing four representative 0.6-mm cores) were prepared by using a tissue arrayer, and immunohistochemistry was performed as described (5) . Antigen retrieval using citric acid (pH 6.0) at 97°C for 30 min was followed by treatment with 3% H2O2. Phospho-Stat3 (Tyr-705) antibody (Cell Signaling Technology, Beverly, MA) was used at 1:200 dilution. The phospho-peptide used for generating the antibody was used to confirm specificity of antibody binding. MMP-9 antibody (NCL-MMP9, NovoCastra, Newcastle, U.K.) was used at 1:50 dilution. Scoring of the tissue microarray was performed by two independent observers (J.F.B. and T.N.D) with a high correlation between scorers (P Ͻ 0.001) for both pStat3 and MMP-9. In order for a tumor to be considered positive for either pStat3 or MMP-9, all four replicates in the tissue array had to have a similar staining intensity; otherwise it was excluded. Statistical analyses were done by using STATVIEW (SAS Inst., Cary, NC). The correlation between the scores of both scorers and the relationship between that of pStat3 and MMP-9 were measured by using the 2 test.
Results
Stat3-C Transforms HMEC Cell Lines. Given the incidence of phosphorylated Stat3 in primary breast cancer specimens, we wished to determine whether the introduction of a constitutively activated version of Stat3 (Stat3-C) was sufficient for mediating transformation of HMECs. For these studies, we used two different immortalized nontransformed HMEC lines. HMECs from reduction mammoplasties were immortalized by introducing both SV40 large-T antigen and the telomerase catalytic subunit (8) . MCF-10As are a spontaneously immortalized human breast epithelial cell line mutant in the cdk inhibitor p16 (9) . Immortalized HMECs (referred to as HMLHT cells in this article) and MCF-10A cell lines have many of the characteristics of normal breast epithelium and do not form tumors in nude mice nor form colonies in soft agar, but undergo transformation upon the introduction of Ha-ras (8, 16) .
Flag-tagged Stat3-C was introduced into MCF-10A and HM-LHT cells by retroviral gene transfer, and polyclonal populations were selected. Western blot analysis showed expression of Stat3-C in both MCF-10A and HMLHT cells (Fig. 1A) . EMSA of extracts from Stat3-C-expressing cells showed strong binding to a high-affinity Stat3 binding site (m67) in contrast to extracts from cell lines harboring the empty retroviral vector (Fig. 1B) . The DNA-protein complex could be supershifted with an antiFlag antibody but not by an anti-Stat1 antibody (data not shown).
A classical assay for cellular transformation is anchorageindependent growth. Control and Stat3-C-expressing MCF-10A and HMLHT cells were plated in soft agar, and colony formation after 3 weeks by Stat3-C-expressing cell lines but not control lines was evident (Fig. 1C) .
To determine whether the amount of Stat3-C expressed influenced the efficiency of transformation, single clones were isolated, and DNA-binding assays were carried out. Low (L) and high (H) Stat3-C-expressing clones were isolated and compared with the heterogeneous population (pB-3C) (see Fig. 6A , which is published as supporting information on the PNAS web site). Cells expressing low levels of Stat3-C did not grow in soft-agar, whereas higher expression levels (H) showed colony formation suggesting that a threshold amount of Stat3-C is required for soft-agar growth (see Fig. 6B ).
Two high-expressing Stat3-C clones (no. 24 and no. 16) were injected s.c. into the flank of irradiated nonobese diabetic͞severe combined immunodeficient (NOD͞SCID) mice and gave rise to tumors in all animals in contrast to cells bearing the empty retroviral vector or a low-expressing clone (L) (Fig. 1D) . The presence of Stat3-C within the tumor was determined by antiFlag Western blot analysis (Fig. 1E) . Thus, Stat3-C can mediate transformation of immortalized human breast epithelial cells. This finding is an extension of our previous report that Stat3-C induced transformation of immortalized murine fibroblasts (4).
Stat3-C Induced Gene Expression.
It is logical that the mechanism(s) by which this persistently active transcription factor mediates cellular transformation is through activation of specific genes. We next wished to identify differentially expressed mRNAs in Stat3-C-containing HMLHT and MCF-10A cells. By RT-PCR analysis of mRNA, Cyclin D1, Bcl-xL, myc, and vascular endothelial growth factor (VEGF), known target genes of activated Stat3 in fibroblasts, were not increased in the Stat3-C-expressing cell lines compared with those bearing the empty retroviral vector (data not shown). Thus, Affymetrix Gene Chip Analysis was performed on RNA isolated from HMLHT-Stat3-C and MCF-10A-Stat3-C cell lines compared with their respective, vector-infected control cells. One hundred and forty-one mRNAs were up-regulated, and 63 were down-regulated in the HMLHT-Stat3-C-expressing cells compared with HMLHT cells containing the empty retroviral vector; and 163 mRNAs were up-regulated and 36 were down-regulated in the MCF-10A-Stat3-C cells compared with MCF-10A cells bearing the empty vector (2-fold, P Ͻ 0.001). We then determined those mRNAs that were up-or down-regulated in both Stat3-C-expressing cell lines. Twenty-three mRNAs were increased, and one decreased in both cell lines (see Tables 1-3 , which are published as supporting information on the PNAS web site). Some transcripts were increased by Ͼ8-fold in at least one of the Stat3-Ccontaining cell lines. However, the importance of these transcripts in tumorigenesis has not been well documented. One of the mRNAs up-regulated in both of the Stat3-C-expressing cell lines was MMP-9 (2.6-to 4-fold induction). Given the role of MMP-9 in tumor formation, invasion, metastasis, and angiogenesis (17), we focused our attention on this gene as possibly relevant to Stat3-C-mediated transformation in these breast epithelial cells.
MMP-9 Is Expressed and Zymographically Active in Stat3-C-Expressing
HMEC Lines. Relative levels of MMP-9 mRNA were determined by RT-PCR in MCF-10A and HMLHT cells and found to be increased in the Stat3-C-expressing cells compared with empty retroviral vector-containing cells (Fig. 2A) . To evaluate possible transcriptional regulation of MMP-9 by Stat3-C, we transiently transfected a luciferase construct containing the human MMP-9 promoter (with two potential Stat3-binding sites) with either empty vector or Stat3-C into HMLHT cells. Stat3-C expression led to a 4-fold increase of MMP-9 promoter-driven luciferase activity in HMLHT cells (Fig. 2B) . MMP-9 (gelatinase B) is secreted as a 92-kDa pro-enzyme and cleaved by other proteases to an activated 84-kD form. By immunoprecipitation and Western blotting, latent MMP-9 protein was increased in the cell culture medium from Stat3-C-expressing HMLHT and MCF-10A cells compared with that in the medium from their respective control cell lines (Fig. 7A , which is published as supporting information on the PNAS web site). MMP-9 and MMP-2 (gelatinase B and A) are the two major gelatinases produced by cells. An increase in the latent 92-kDa MMP-9 was observed in the cell culture medium from Stat3-C-expressing cells compared with that from control-infected cells by gelatin zymography (Fig.  2C) . The latent form of MMP-9 is active zymographically due to the denaturing conditions of SDS͞PAGE, which reveals the catalytic domain of MMP-9. Notably, gelatin zymography did not reveal any 72-kDa, MMP-2 activity. Moreover, Stat3-C protein levels in HMLHT cells positively correlated with latent MMP-9 expression as determined by gelatin zymography (Fig.  7B) . Thus, an increase of only the latent form of MMP-9 is observed in the cell culture medium of Stat3-C-expressing MCF-10A and HMLHT cells.
Proteolytically Active MMP-9 Is Localized to the Cell Surface of
Stat3-C-Containing Cells. A second assay for MMP-9 activity, which measures only cleaved (84-kD) protein, showed as expected no extracellular activity in either control or Stat3-C-expressing cells (Fig. 3A, black columns) . In this assay, the total MMP-9 activity can be measured by treating the samples with 4-aminophenylmercuric acetate (APMA), which results in the cleavage of the MMP-9 pro-peptide, revealing enzymatically active MMP-9. After APMA treatment, an increase in MMP-9 in the medium from Stat3-C-expressing HMLHT cells was observed (Fig. 3A, gray columns) . In contrast, total cell-associated MMP-9 activity was Ϸ8-fold higher in Stat3-C-expressing HMLHT cells as compared with vector-infected cells (Fig. 3B, black columns) . Treatment of these extracts with APMA led to only a modest increase in activity, suggesting that much of the cell-associated MMP-9 is in an enzymatically active form (Fig. 3B, gray columns) . We also examined gelatinase activity in situ on cells grown in culture (Fig. 3C) . Fluorescein-conjugated gelatin (DQ gelatin) was overlayed on cells, revealing an increase in f luorescence in the Stat3-Cexpressing cells compared with control cells, which is a measure of the proteolytic activity of the gelatinase (Fig. 3C  Upper) . Furthermore, this activity was reduced in the presence of a dual specific MMP-2͞9 enzymatic inhibitor, an Nsulfonylamino acid derivative that chelates zinc at the active site and inhibits MMP-2͞9-dependent invasion, tumor growth, and metastasis in both cell culture and mouse tumor models (18, 19) (Fig. 3C Lower) . Given the lack of MMP-2 expression in the Stat3-C-containing HMLHT cells as determined by zymography (Fig. 2C) , we felt that this inhibitor was appropriate for the assay. The cellular localization of MMP-9 was examined by immunocytochemistry and was found to be predominantly in a membrane-associated distribution (Fig. 3D) .
Inhibition of MMP-9 Reduces Stat3-C-Dependent Transformation in
HMLHT Cells. To determine whether the enzymatic activity of MMP-9 contributes to Stat3-C-induced anchorage-independent growth of HMLHT cells, a polyclonal population of Stat3-Cexpressing cells and a high Stat3-C-expressing clone (data not shown) were grown in soft agar in the presence of the MMP-2͞9 inhibitor. Colony formation was attenuated in the presence of increasing concentrations of the MMP-2͞9 inhibitor (Fig. 4A) .
The MMP-2͞9 inhibitor did not influence the proliferation of Stat3-C-expressing HMLHT cells grown in monolayer culture (see Fig. 8 , which is published as supporting information on the PNAS web site). Specificity of the MMP-2͞9 inhibitor was examined in HMLHT cells transformed by either v-src or H-rasV12. Colony formation of HMLHT cells expressing v-src, an oncogene that activates Stat3 and requires Stat3 for its transforming capacity (20, 21) , was suppressed by 1.5 M MMP-2͞9 inhibitor (Fig. 4A) . In contrast, H-rasV12-induced anchorage-independent growth of HMLHT cells was not affected by 1.5 M inhibitor (Fig. 4A) . Gelatin zymography revealed high levels of latent MMP-9 in the medium of v-srctransformed HMLHT cells whereas the cell culture medium from H-rasV12-expressing cells did not have any detectable MMP-9 but did contain increased MMP-2 levels (Fig. 4B ). These results demonstrate that MMP-9 activity is required for anchorage-independent growth of HMLHT cells induced by Stat3-C and v-src but not by H-rasV12.
MMP-9 Expression Correlates with That of Activated Stat3 in Primary
Breast Cancer Specimens. Immunohistochemical analysis of microtissue arrays of primary human breast cancer specimens (34 tumor specimens and 8 normal) shows that 27% contain high levels (ϩϩϩ) of nuclear phospho-Stat3 (pStat3), 30% contain moderate levels of nuclear pStat3 (ϩϩ), and 42% contain little to no pStat3 (0͞ϩ) (Fig. 5) . Normal breast has little to no pStat3 (Fig. 5. Bottom) . It has been determined that MMP-9 is overexpressed in primary breast carcinomas by immunohistochemistry (22) (23) (24) (25) (26) . The cellular distribution of MMP-9 protein in paraffin sections is typically cytoplasmic (23) (24) (25) (26) (27) . We stained sequential, serial sections of the breast microtissue arrays with anti-sera to MMP-9 and observed a strong cytoplasmic and perinuclear staining in 27% of these tumor specimens (ϩϩϩ), moderate staining in 32% (ϩϩ), and no to little staining in 38%(0͞ϩ) (Fig. 5) . The majority of the MMP-9 staining was specific to the epithelial cells. However, the stromal cells surrounding the epithelial cells were also positive in two samples (data not shown). Not all samples that stained positively for pStat3 were also positive for MMP-9. However, a statistically positive correlation was observed between (ϩϩϩ͞ϩϩ) staining for pStat3 and MMP-9 (P Ͻ 0.001).
Discussion
Breast carcinogenesisis is a process dependent upon the loss of tumor suppressors and gain of oncogenes. Our data suggest that activated Stat3 plays a role in breast tumorigenesis in part through the actions of MMP-9. Stat3 is persistently activated in a large fraction of primary breast cancers both by biochemical and immunohistochemical analyses (3, (5) (6) (7) . Here, we demonstrate, by using two immortalized breast epithelial cell lines used to define oncogenes involved in breast tumorigenesis, the sufficiency of Stat3-C in mediating transformation. We also determined that a threshold amount of Stat3-C is required for growth in soft agar and in nude mice.
Further characterization of Stat3-C-expressing MCF-10A and HMLHT cells did not reveal any significant differences in growth rate, growth-factor requirement, or resistance to proapoptotic stimuli (data not shown). The mechanism of transformation by Stat3-C is proposed to be through the genes it transcriptionally regulates. Some of the known targets of Stat3-C in fibroblasts were not altered in the breast epithelial cell lines. Transcriptional regulation of genes by activated Stat3 is likely dependent upon the cellular context and thus the mechanism of transformation. By Affymetrix Gene Chip analysis a short list of transcripts were identified (and many confirmed by RT͞PCR) that were commonly up-or down-regulated in the Stat3-C-transformed cell lines (data not shown). Some of these transcripts may be involved in Stat3-C-mediated transformation, but we focused our attention on MMP-9.
By immunohistochemistry of cancer specimens, MMPs and in particular gelatinases have been found to be up-regulated in almost every tumor entity, including breast cancer (22) (23) (24) (25) (26) (27) (28) . Cell culture and mouse experiments with mammary epithelial cells and cancer cells have revealed a crucial role for MMP-9 in tumor growth, invasion, metastasis, and angiogenesis (29) (30) (31) (32) . Many molecules and signaling pathways have been reported to be involved in the induction of MMP-9 in breast cancer cells, such as heregulin, estrogen, epidermal growth factor (EGF), c-jun, NF-B, and mitogen-activated protein kinase (MAPK) (28, (33) (34) (35) (36) (37) . In addition to tumor-derived MMP expression, it is largely accepted that the tumor environment plays a crucial role in the activity of MMPs (17) . Nevertheless, it has been demonstrated that expression of MMP-3͞Stromelysin-1 is sufficient to transform mammary epithelial cells in culture as well as in a breast-specific transgenic mouse model, demonstrating an oncogenic potential of MMPs produced by epithelial cells (39) .
Here, we show that MMP-9 mRNA and protein can be induced by Stat3-C in mammary epithelial cells. The MMP-9 promoter contains multiple putative Stat3-binding sites, two of which can be considered as high-affinity binding sites (11) . However, a direct association between Stat3 and the MMP-9 promoter by chromatin immunoprecipitation has not been observed (data not shown). Nevertheless, an MMP-9 promoter luciferase construct (-670) is induced at least 4-fold by Stat3-C when transfected into HMLHT cells. We observed an increase in the levels of latent MMP-9 protein from conditioned media isolated from cells expressing Stat3-C. Furthermore, we demonstrated that proteolytically active MMP-9 is localized primarily to the cell surface, which is in accordance with prior studies supporting a role for cell surface-associated MMP-9 with respect to its enzymatic and biological activity (13, 14, 39) . By using a dual-specific MMP-2͞9 inhibitor, we observed suppression of anchorage-independent growth of Stat3-C and v-src (an oncogene that activates and requires Stat3 for transformation)-expressing cells but not of H-rasV12-transformed HMLHT cells. Thus, this inhibitor does not decrease growth in soft agar nonspecifically and indicates a crucial role for MMP-9 in anchorageindependent growth by Stat3-C and v-src in HMLHT cells.
We have examined the abundance and distribution of tyrosinephosphorylated Stat3 in primary breast cancer samples and find that Ϸ30% of the invasive tumors have strong staining for nuclear tyrosine phosphorylated Stat3. We did not have access to prognostic information with our tissue-array samples and therefore cannot say whether strong nuclear phospho-Stat3 is associated with indolent or aggressive breast cancer. Interestingly, high MMP-9 protein levels in sequential sections of the tissue micro arrays correlates with that of activated Stat3, supporting our cell culture work that MMP-9 induced by Stat3 may contribute to mammary tumorigenesis. Representative sections of strong staining are indicated as ϩϩϩ and shaded in black, moderate staining as ϩϩ and shaded in gray, and weak to no staining as 0͞ϩ and shaded in white. Normal breast had 0͞ϩ staining for both pStat3 and MMP-9. A positive correlation was observed between (ϩϩϩ͞ϩϩ) staining for pStat3 and MMP-9 (P Ͻ 0.001) by 2 test.
